W e have established that 2.3-diphosphoglycerate (2.3-DPG) content and intracellular pH exert separate, but interdependent, effects on the equilibrium solubility (cSJ of deoxyhemoglobin S (deoxy-Hb S) that act in concert to modulate intraerythrocytic polymer formation. In a nonphysiologic c,,~ assay system, a steep dependence of csat on pH in the physiologic range 7.0 to 7.6 was shown for both stripped (Hb) and DPG-saturated deoxy-Hb S (Hb-DPG). The solubility-pH profile for Hb under near-physiologic buffer conditions also showed that C,,~ increased steeply in the same pH range (6.8 to 7.6). The effect of 2.3-DPG on c, , under near-physiologic conditions was evaluated separately. At pH 7.20, the pH of the human red blood cell, c, , values for Hb and Hb-DPG were 19.56 * 0.14 and 17.95 * 0.45 g /dL, respectively, indicating that the solubility of HE ROLE OF red blood cell (RBC) 2,3-diphosphogly-T cerate (2,3-DPG) in the pathophysiology of sickle cell disease has been a point of long-standing dispute. Some workers claim that 2,3-DPG promotes the intracellular polymerization of deoxyhemoglobin S (deoxy-Hb S) that underlies the sickling phenomenon,'-6 whereas others assert that it has no such effect.'-" We recently reexamined this issue with the intention of establishing definitively whether or not 2,3-DPG affects the equilibrium solubility (c,,,) of deoxy-Hb S. Although our initial findingsI2 showed that the binding of 2,3-DPG resulted in a significant decrease in c,,~, the decrement in solubility observed in the physiologic pH range (7.0 to 7.6) was somewhat lower (--1.8 g/dL) than that observed at acid pH (-3.0 g/dL), a reflection of the diminished strength of binding of the allosteric effector a t the elevated pH.I3
within the p-cleft directly facilitates the polymerization of deoxy-Hb S, thereby reducing its solubility. However, because the assay conditions used to measure cSaI in these two studies were not physiologic with respect to ionic strength and temperature (and, partially, pH), we evaluated the solubility of deoxy-Hb S under conditions that more closely approached physiologic. The results of these s t~d i e s '~. '~ indicate that a t pH 7.20 and in the presence of saturating amounts of 2,3-DPG, c,,, decreased, but by a decrement (-7%) roughly one half that observed under nonphysiologic conditions (-15%). Thus, the stabilization of the polymer by 2,3-DPG persists under physiologic conditions, but to a lesser extent.
Studies by others have shown that the solubility of stripped deoxy-Hb S is pH-dependent in the physiologic range.2.3.6,'6 In a more comprehensive evaluation12 of the effect of pH on c,,,, we showed that under nonphysiologic conditions of ionic strength and temperature in the pH range 7.0 to 7.6, c,,, was strongly dependent on pH in both the presence and the absence of 2,3-DPG.
Because 2,3-DPG is elevated in sickle erythrocytes, with a concomitant acidification of the cell interior, the two intracellular variables pH and 2,3-DPG may be interrelated determinants of sickling, a possibility that has hitherto not been considered. In any case, more rigorous assessment of the effect of each on gelation under nearly physiologic conditions was required. The present studies were undertaken to carefully dissect the separate contribution of both of these variables to the solubility of deoxy-Hb S and to show that they act in concert to modulate intracellular polymer formation.
MATERIALS AND METHODS
After obtaining informed consent, blood was drawn by routine venipuncture from 19 normal adults and 38 untransfused adults with homozygous SS disease. Samples were anticoagulated with heparin (10 U/mL blood). The adenosine triphosphate (ATP) and 2,3-DPG content of fresh whole blood was measured in trichloroacetic acid extracts by using Sigma kits (Sigma Chemical Co, St Louis, MO) UV-366 and UV-35 for ATP and 2,3-DPG, respectively.
Packed erythrocytes of SS genotype were obtained from
General methods.
Hb S. For personal use only. on November 10, 2017. by guest www.bloodjournal.org From units of whole blood from hospitalized sickle cell anemia patients who required partial exchange transfusions. Preparation of hemolysates and purification of Hb S by ion-exchange chromatography on columns of DEAE-Sephacel (Pharmacia Fine Chemicals, Piscataway, NJ) are described elsewhere." This procedure effectively removes all endogenous RBC organophosphates.
This organic phosphodiester was obtained (Sigma) as the pentasodium salt. Stock solutions (20 to 100 mmol/L) were prepared in the appropriate buffer and adjusted to neutral pH with 1N NaOH.
The method for determining equilibrium solubility, or saturation concentration ( c~, ) , of deoxy-Hb S by ultracentrifugation and its modification to a microscale are described el~ewhere."~'~ Samples of Hb S were dialyzed against a Bistris ([bis(2-hydroxyethyl)amino]tris(hydroxymethyl)-methane) buffer whose ionic strength approximated that of the cytoplasm of the RBC (0.05 mol/L Bistris, 0.1 mol/L KCI, and 0.02 mol/L NaCI) and whose osmolality was in the range of normal serum (280 to 290 mOsm/kg). Although it has no analogue in the RBC, we chose to use Bistris for buffering capacity because its pK, (-6.5 at 25OC) is close to physiologic. In addition, the use of sodium dithionite to ensure rigorous deoxygenation makes it virtually impossible to perform c,,, assays in C0,-bicarbonate buffer, a more stringently physiologic medium. The Bistris-based buffer may then be considered quasi-physiologic, at least. Use of dithionite was necessary because it rapidly deoxygenates oxy-Hb S and reduces any residual met-Hb.'' However, in an aerobic atmosphere, dithionite may generate activated 0, products that could be harmful to the Hb molecule. Accordingly, the following precautions were taken to ensure anaerobicity during manipulation: the amount of solid dithionite needed for a 1 mol/L solution was placed in a 5-mL volumetric flask, evacuated through a rubber septum, and flushed with nitrogen. A portion of distilled water (10 to 15 mL) was deaerated by evacuation for 1 hour on a water aspirator, then purged with nitrogen. Exactly 5 mL of degassed water was transferred anaerobically by Hamilton syringe to the dithionite, which quickly dissolved. An aliquot of oxygen-free dithionite (10 pL) was transferred to the centrifuge tube containing Hb S and effector (total volume: 250 pL), mixed, and overlaid with mineral oil. To ensure that dithionite itself does not influence the solubility, an experiment was performed in which Hb S was deoxygenated by nitrogen inside a glove bag; a small amount of dithionite (0.75 mol/mol heme) was then used to reduce residual met-Hb (less than 9%); c,,, was measured and compared with values obtained on samples in which deoxygenation was achieved with the usual amount of dithionite (3.0 mol/mol heme). Overall, two kinds of experiments were performed at 37OC: (1) Stripped deoxy-Hb S was subjected to different pHs above 7 by initially dialyzing against Bistris buffer of variably higher pH (8.2 to 8.8) at 25OC. Subsequent addition of various amounts of sodium dithionite, encompassing a molar excess (based on heme) from 2 to 4, resulted in pH values for deoxy-Hb S in the range desired (7.0 to 7.6) at 37OC. Below pH 7, where the buffering capacity of Bistris is stronger, a lower initial pH (6.6 to 7.2) at 25OC for the dialysis buffer was sufficient to achieve the desired pH range (6.2 to 6.8) at 37OC, again with a variable molar excess of dithionite. In four rotors, 24 replicates were measured that encompassed the pH range of interest (6.2 to 7.6). (2) The solubility of deoxy-Hb S was measured, in the absence or presence of a saturating amount of 2,3-DPG, at a fixed (nominal) pH of 7.20 at 37°C. Four rotors, each containing triplicate assays for Hb and Hb-DPG, were used. To compensate for the proton uptake evoked by 2.3-DPG binding in the @-cleft, a slightly greater molar excess of dithionite was used to deoxygenate Hb S in the presence of 2,3-DPG (3.5-fold) than in its absence (threefold). After equilibration for 1.5 hours in a water bath at 37OC, samples were placed in an SW 50.1 rotor and allowed to 2.3-DPG.
Solubility measurements.
equilibrate in the chamber of a preparative ultracentrifuge (Beckman L55) at 37OC for an additional 0.5 hour, after which they were centrifuged for 1 hour at 242,OOOg. After separation of the two component phases of the gel, the pH of the supernatant was measured through mineral oil with an Ingold combination microelectrode and a Radiometer pH meter (model PHM61), while the equilibration temperature was maintained, as described pievio~s l y . '~. '~ The concentration of Hb S in the supernatant (ie, c~, ) was measured spectrophotometrically as cyanmethemoglobin by using the millimolar extinction mfficient of 11.0 cm-' (per heme) at 540 nm2' and 16,100 for the molecular weight of Hb monomer.
RESULTS
ATP and 2.3-DPG content of normal and sickle erythrocytes. Intracellular concentrations of ATP and 2,3-DPG in whole blood samples from 19 normal individuals and 38 sickle cell anemia patients are compared in Table 1 . Mean values of both organophosphates are elevated in sickle erythrocytes, ATP by 22% and 2,3-DPG by 27%, as others have However, in our patient population, the 2,3-DPG concentration ranges from 3.5 to 9.5 mmol/L, a nearly threefold variation. Comparable values for normal controls span a much narrower range, from 4.0 to 6.0 mmol/L. Thus, a greater heterogeneity of 2,3-DPG levels occurs in sickle erythrocytes compared with normal erythrocytes.
Effects of p H and 2,3-DPG on the physiologic solubility of deoxy-Hb S. To facilitate comparison of the effect of pH on both stripped (Hb) and DPG-saturated (Hb-DPG) deoxy-Hb S under near-physiologic conditions, the effect of pH on both species under less physiologic conditions is also of interest. Results of such an investigation appear in an earlier publication." Because of their importance to the present work, a modified version of the solubility profiles (qat v pH) from that study is included here as Fig 1. Under the nonphysiologic conditions outlined in the legend to Fig 1, the solubility-pH profile for Hb-DPG was displaced downward from that for Hb throughout the pH range examined (6.5 to 7.6) by a decrement that was somewhat smaller (-1.8 g/dL) above pH 7.0 than below it (-3.0 g/dL). The weaker effect in the physiologic pH range (7.0 to 7.6) parallels the diminished strength of binding for 2,3-DPG at the elevated pH. (The strength of 2,3-DPG binding to deoxy-Hb A is nearly 10 times less at pH 7.8 than at pH 7.0.13)
The solubility-pH profile for stripped deoxy-Hb S under near-physiologic conditions over the pH range 6.2-7.6 is shown in Fig 2. Although c,, , is invariant at pH 6.2 to 6.8, it increases steeply between pH 6.8 and 7.6. This behavior is The data of Figs 1 and 2 were subjected to linear regression analyses over the pH range in which cSat increases steeply (7.0 to 7.6). The slopes of these linear solubility-pH profiles ranged from 10.3 g/dL per pH unit for Hb-DPG in the nonphysiologic system to 10.8 g/dL per pH unit for stripped deoxy-Hb S in the physiologic system. The nearly identical slopes for stripped deoxy-Hb S, regardless of the ionic composition of the buffer, as well as the downward displacement of the profile for Hb-DPG in the nonphysiologic case (Fig l) , indicate that the effects of pH and 2,3-DPG on T-state H b S are separate phenomena, whose combined influences are additive.
The mean values of solubility for H b and Hb-DPG in the pH region of c,,~ invariance under nonphysiologic buffer conditions (pH 6.5 to 7.0; Fig l) , as well as the value for stripped H b under near-physiologic buffer conditions (pH 6.2 to 6.8; Fig 2) , have been compiled in Table 2 . For the nonphysiologic case, the cos,, value for Hb-DPG (1 5.24 f 0.47 g/dL) is 17% lower than that for H b (18.27 f 0.21 g/dL). For the near-physiologic buffer system, in the pH range 6.2 to 6.8, the coSat value for H b is 16.10 f 0.27 g/dL. It is noteworthy that coSat for H b in the nonphysiologic buffer system is 14% higher than this. The disparity results primarily from the difference in ionic composition between the two buffers and, to a much lesser extent,24 from the difference in temperature (3OOC v 37OC). Therefore, to a first approximation, the differences in solubility for stripped deoxy-HbS in the two buffer systems may be ascribed solely to their ionic compositions (Table 2) . Furthermore, because the inorganic components of the physiologic buffer (Na+, K+, and C1-) are relatively weak salting-in ions," the higher solubility in the nonphysiologic buffer may be ascribed to the more potent salting-in properties of the Bistris cation (unpublished results).
The exquisite sensitivity of the deoxy-Hb S polymer to its ionic environment is further demonstrated by the data in Table 3 . Because the cSat experiments aimed a t establishing the solubility of Hb-DPG under near-physiologic buffer conditions were performed near a single pH (7.20), it was not possible to obtain a solubility-pH profile for this species, as was done in the nonphysiologic buffer system (Fig 1) . Instead, multiple cmt assays (1 1 in all) were performed for both H b and Hb-DPG at the nominal pH of 7.20. Table 3 presents the mean values of cSat and pH obtained for both H b and Hb-DPG at 37OC under these conditions. The cmt values of 19.34 f 0.14 and 17.95 + 0.45 g/dL obtained for these two species were measured at a mean pH of 7.18 * 0.02 and 7.20 f 0.01, respectively. Thus, the solubility of DPGsaturated deoxy-Hb S is 7.2% lower than that of Hb. Final pH values for the two species were close, but not identical. By using the slope of the solubility-pH profile in the physiologic pH range shown in Fig 2 ( 10.8 g/dL per pH unit), it is possible to obtain the cSat value of H b a t pH 7.20 (19.56 g/dL) for comparison with that of Hb-DPG at the same pH (17.95 g/dL; Table 3 ). Thus, under conditions of pH, ionic strength, and temperature that approximate those of the normal erythrocyte, the solubility of DPG-saturated deoxy-Hb S is lower than that of stripped deoxy-Hb S by 8.2% f 2.3%. Because it generates more intracellular poly- were dialyzed against an isotonic buffer of varying pH containing 0.05 mol/L Bistris, 0.1 mol/L KCI, and 0.02 mol/L NaCI; deoxygenation with a variable molar ratio of dithionitelheme was used to achieve the desired final pH. Four rotors (six replicates in each) were used to encompass the pH range 6.2 to 7.6 at 37°C. The symbols (0. A, 0, DI denote the four individual rotors used to generate the 24 data points. The slope of this solubility-pH profile in the pH range 6.8 to 7.6 (10.8 g/dL per pH unit) can be used to estimate the effect of intracellular acidosis or alkalosis on the solubility of deoxy-Hb S.
For personal use only. on November 10, 2017. by guest www.bloodjournal.org From (Fig 1) or near-physiologic (Fig  2) buffer conditions reflects the rapid change in net charge on the deoxy-Hb S molecule due to the progressive titration of histidine side chains. Of the 10 histidine residues in the a-chain and nine in the @-chain of H b S, a total of 10 participate in intermolecular contacts within the deoxy-Hb S p~l y m e r .~~.~~* For six of these (2@, 20@, 778, 116@, 72a, and 89a), only one of the two symmetrically related residues makes an intermolecular contact, whereas for the other two histidine residues (45a and 1 17@) both participate in intermolecular contacts. Therefore, it appears that some or all of the imidazolium groups of these individual histidines begin to deprotonate above pH 7, thereby destabilizing the polymer.
The molecular basis for the effect of 2,3-DPG on the solubility of deoxy-Hb S is an alteration of the deoxy (T) quaternary structure that occurs when the effector binds to the @-cleft.27 The alteration of T-state H b S induced by 2,3-DPG binding, in which the A-helices of the @-chain move closer together by 0.2 nm," facilitates polymerization by altering the spatial disposition of the two Val 6 8 residues in such a way that the crucial intermolecular contactz9 of 1 Val 6p2 with 2 Phe 85@, and 2 Leu 88@, is strengthened, thereby stabilizing the p01ymer.l~~''
The values of 19.6 2 0.1 and 18.0 f 0.5 g/dL reported in Table 3 for stripped and DPG-saturated deoxy-Hb S, respectively, pertain to the (There is no way to evaluate this point from the experimental details provided.) Both sets of values determined in the nonphysiologic phosphate-based buffer are considerably lower (by 18% and 12%, respectively) than the value of 19.6 g/dL observed for stripped deoxy-Hb S in our more nearly physiologic Bistris-based buffer (Table 3 ). This discrepancy arises primarily from differences in the composition of the two buffers. In the phosphate b~f f e r ,~' .~~ ionic strength (approximately 0.40 before the addition of dithionite [0.05 mol/L])t was, with one exception,34 provided solely by orthophosphate at a concentration (0.15 mol/L) that considerably exceeds the ionic strength of the normal erythrocyte (p = 0.17; reference 35). In addition, in only one case34 was a provision made for the inclusion of chloride, the permeant anion whose transmembrane migration maintains the osmotic equilibrium of the human RBC. Furthermore, orthophosphate behaves as a salting-out anion in the c,,~ assay system"; by contrast, Bistris acts as a salting-in cation. Accordingly, one would expect that solubilities determined in phosphate buffer would be significantly lower than those obtained in Bistris buffer.
Our near-physiologic Bistris buffer adheres more closely to ?Because it functions as a reducing agent in the c,, assay and is converted, first to SO,-, then to S0,,2' the dithionite dianion contributes little to the ionic strength of the medium (see Table 2 , footnote 11) ; the sodium cation contributes an additional 0.025 to the ionic strength. Moreover, in a study in which c,,, was measured by analytical ultracentrifugation,' it was noted that runs done without dithionite were no different from those done with it.
For personal use only. on November 10, 2017. by guest www.bloodjournal.org From the ionic composition of the RBC interior with respect to cations (K+ and Na+) and anions (Cl-), and its ionic strength (approximately 0.13 before addition of dithionite [0.05 mol/L])t at pH 7.20 is closer to that of the intracellular milieu. Moreover, the absence of ATP and Mg2+ should have no effect on the solubility of deoxy-Hb S.I4 Although Bistris, a cation, does not exist in the RBC, it is needed to provide buffering capacity. Otherwise, the composition of our medium approached physiologic much more closely than the orthophosphate-based buffer used before to evaluate the intrinsic solubility of deoxy-Hb S. Nevertheless, no buffer medium can ever mimic exactly the conditions of the RBC interior, especially with respect to CO, content, and one settles for a close approximation, at best. With that proviso, the best estimate for the solubility of unliganded H b S inside the fully desaturated sickle erythrocyte is 19.6 g/dL. However, this value does not reflect the contribution of 2,3-DPG binding in modulating the intrinsic solubility of deoxy-Hb S, for which no provision was made in the phosphate-based b~f f e r .~' .~~ Because pH, and 2,3-DPG are separate determinants of the solubility of deoxy-Hb S, one must deduce the individual contribution of each variable before assigning a value of CO,,~, the intrinsic solubility of deoxy-Hb S under intracellular conditions. This may be done as follows: Whereas the value of 17.95 g/dL reported in Table 3 for the DPG-saturated species pertains to the nominal intracellular pH (7.20) of the normal erythrocyte, it has long been that the arterial hypoxia of sickle cell anemia36 induces an elevation of intraerythrocytic 2,3-DPG levels which, in turn, evokes an acidification of the RBC interior due to adjustment of the Donnan equilibri~m.~'.~~ The best estimates of pH, for AA and SS RBCs are those obtained by 3'P-NMR spectro~c o p y .~~~~' Two sets of values have been reported for pH, of AA versus SS RBCs: 7.29 f 0.08 versus 7.14 0.0439 and 7.24 0.07 versus 7.13 0.04;' respectively. Thus, fully oxygenated sickle erythrocytes are more acidic by 0.1 1 to 0.15 pH unit than normal erythrocytes. The binding of 2,3-DPG to H b A inside normal erythrocytes has also been measured by "P-NMR spectro~copy.~' The results showed that 2,3-DPG bound nearly stoichiometrically to T-state H b by 'H-and 31-P N M R spectroscopy shows that the binding site of 2,3-DPG to HbCO (R-state) contains a t least some of the same amino acid residues responsible for binding to the deoxy form. To a first approximation, then, 2,3-DPG binds to intracellular H b S only when the cell is deoxygenated and its H b is in the deoxy (T) quaternary structure.
Moreover, because of the alkaline Bohr effect, there is an uptake of protons on deoxygenation of AA RBCs that produces an increase in pHi. The magnitude of the pH increment has been established by a "P-NMR spectroscopy which showed that when normal erythrocytes were deoxygenated, pHi increased by 0.14 unit. Thus, the corresponding increase in pH, when sickle erythrocytes are deoxygenated would be from 7.13 to 7.27.
However, this analysis does not take into account the linkage between oxygenation and polymerization. A study of functional abnormalities of sickle cell anemia blood has shown there to be an abnormally large decrease in 0, affinity in the pHi region of pathophysiologic interest (7.0 to 7.2). Thus, the Bohr effect for sickle blood was more than double that of normal4': ie, the Bohr coefficients (Bi) were -0.99 and -0.42, respectively. This abnormally high value of Bi for sickle blood must result from an effect of H + on polymerization that depends on 0, binding. That is, the additional uptake of protons on deoxygenation of SS RBCs should be approximately double that which occurs when AA RBCs are deoxygenated (ie, four, rather than two, protons per H b molecule).$ Therefore, the increment in pHi that accompanies deoxygenation should be roughly twice as large for sickle as for normal blood (ie, a pHi increment of 0.28, rather than 0.14 unit). Thus, on deoxygenation, the pH, of SS RBCs should change from 7.13 to about 7.41. The solubilities corresponding to these two extremes of pHi, as well as that a t the intermediate value, are given in Table 4 . The solubility at pH 7.41 is 20.2 g/dL and may be considered the best approximation to the intrinsic solubility (c0,,J of DPGsaturated deoxy-Hb S under conditions that conform closely, with one exception, to those of the deoxygenated sickle erythrocyte.
That exception is the absence of the physiologic species that provides buffering capacity to the human RBC, namely, C0,-bicarbonate. Because the constraints of the cSat assay system preclude evaluating the effect of CO, on polymerization, its effect on c,,~ remains unknown. It should be appreciated, nonetheless, that both CO, and 2,3-DPG compete for the same binding site in deoxy-Hb A (the a-NH, group of Val lp) in a manner that is highly pH ~e n s i t i v e .~~ That is, because of the pH dependence of the ionization state for this $It is impossible to measure directly by "P-NMR spectroscopy the uptake of protons that occurs on deoxygenation of sickle erythrocytes, as has been done for normal erythrocyte^:^ because of the intracellular polymer. That is, its presence interferes with the rotational mobility of the probe that monitors pHi, resulting in broadening and loss of intracellular resonances.
For Table 2 ) and the slope of the c, , residue, CO, binding is favored a t high pH and 2,3-DPG binding at low pH.47 Furthermore, it has been shown48 that sickling of SS RBCs at half 0, saturation was partially inhibited by varying pC0, from 10 to 80 mm Hg, particularly in the higher pH ranges. This is to be expected since carbamate (RNHCOO-) formation, in competition with 2,3-DPG binding, becomes greater at higher pH.47 Moreover, because carbamate formation inhibits polymerization and 2,3-DPG binding promotes it, any interaction between these two physiologic ligands at alkaline pH would raise the value of coSaI cited above. On balance then, this value of the intrinsic solubility (20.2 g/dL) may represent an underestimation.
Intracellular polymer content depends on the magnitude of the intrinsic solubility of deoxy-Hb S. A reliable estimate of the intrinsic solubility cos,, of deoxy-Hb S is crucial for calculating the mole fraction of polymer f, inside the fully desaturated sickle erythrocyte. Our value of (20.2 g/dL) is considerably higher (by 26% and 17%) than either of the two earlier values (16.0 and 17.2 g/dL, respectively) used to estimate f, from the conservation of mass e q~a t i o n .~' .~~
The theoretical calculations used in the past32.50-52 to quantitate polymer content under various intracellular conditions need to be revised accordingly. For example, when this is done for the simplest case (homozygous SS disease), the value of f, calculated on the basis of our higher value of coSal is 0.57 (compared with 0.69 and 0.66, respectively, calculated with the earlier, lower values). Thus, in the correlation between f, and disease severity proposed for various sickling syndrome^,,^ f, will be correspondingly lower when our higher value of cos,, is used, as will the threshold oxygen saturation at which polymer disappears. Therefore, less polymer may be present in sickle erythrocytes a t very high oxygen saturation levels than has been postulateds3 on the basis of equilibrium solubility considerations.
Interdependence between 2.3-DPG concentration and intracellular p H as determinants of solubility. Although other studies have focused on the separate effect of either pH or 2,3-DPG on c,,~, none before this has considered the interdependence between these two intracellular variables. The data presented in Table 3 clearly show that because of the strong dependence of cSal on pH in the physiologic range, no disparity in pH between H b and Hb-DPG can be tolerated if only the effect of 2,3-DPG on c,,~ is to be measured. Lack of appreciation for the interplay between these two variables has undoubtedly contributed to the conflicting results reported over the years'." with regard to the effect of 2,3-DPG on the solubility of deoxy-Hb S. Our results, in which the effects of pH and 2,3-DPG were carefully dissected, show conclusively that intracellular pH and the allosteric effector 2,3-DPG must both be considered modulators of the solubility of deoxy-Hb S inside the sickle erythrocyte.
Furthermore, it has been d e m~n s t r a t e d~~ that the induction of supranormal levels of 2,3-DPG inside normal erythrocytes causes a corresponding decrease in pH, (ie, because 2,3-DPG is an impermeant polyanion, a compensatory chloride/proton shift occurs to maintain the Donnan equilibrium). Therefore, because of the heterogeneity in 2,3-DPG content of sickle erythrocytes (Table l) , a corresponding heterogeneity in pHi values should also exist. Using the empirical correlation derived by Duhm3' (ie, an increase in intraceilular 2,3-DPG by 0.5 mmol/L lowers pH, by 0.01 unit), one can estimate the pH, corresponding to the concentration of 2,3-I)PG for any particular sickle blood. This is done in Table 5 for the range of 2,3-DPG levels found in our patient population (Table 1) . Estimated pH, values for their deoxygenated RBCs range from 7.48 (at the low end) to 7.34 (at the high end of the 2,3-DPG concentration scale). The corresponding solubilities and mole fractions of polymer at each pHi are also collected in Table 5 (columns 4 and 5). Values of encompass a range from 21.0 g/dL for the lowest 2,3-DPG concentration to 19.5 g/dL for the highest, while the respective values of f, range from 0.55 to 0.59. Thus, this reciprocal relationship between pH, and intraerythrocytic 2,3-DPG concentration dictates that the amount of intracellular polymer will vary both within a particular patient's RBC population and among subpopulations of For personal use only. on November 10, 2017. by guest www.bloodjournal.org From Among those factors influencing intracellular polymerization, which include oxygen saturation, non-Hb S composition, and H b concentration, the interdependent variables of 2,3-DPG and pH, should also be included now. Because the §That lowering pH, increases the propensity of deoxy-Hb S to polymerize, and also increases cell sickling, is well-d~cumented.~~-~~ Furthermore, part of this pH effect is independent of 0, binding:5 indicating that ionization of side chains at regions of intermolecular contact contributes at least as much to the overall polymerizationlinked effect as does the Bohr effect. amount of polymer produced during partial deoxygenation in the microcirculation is the ultimate determinant of sicklingjf a treatment modality based on the sustained reduction of intraerythrocytic 2,3-DPG should be therapeutically beneficial.
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I/It should be understood that in the microcirculation, where most of the vasoocclusive episodes of sickle cell disease occur, the effective PO, is not zero. Thus, the value of cos,, cited (20.2 g/dL) does not pertain to the microvasculature where the tendency of SS RBCs to sickle is greatest. Because of the complexity of the hemodynamic status of the microcapillary bed, it is not possible to make a meaningful estimate of the actual solubility of intracellular Hb S under the conditions extant therein. The value of cos,, established in this study is provided as a basis for making meaningful estimates of mole fraction of intracellular polymer in deoxygenated erythrocytes containing Hb S, which would not otherwise be possible. For personal use only. on November 10, 2017. by guest www.bloodjournal.org From
